Introduction: Obstructive sleep apnea (OSA) has been suggested to be associated with a high risk of metabolic syndrome (MS). However, results on whether the association between OSA and risk of MS is independent of obesity, and the effect of nocturnal intermittent hypoxia (IH) on MS, are conflicting. Our purpose was to estimate the magnitude of the independent association between OSA and risk of MS and further explore whether nocturnal IH in OSA plays a role in MS risk. Material and methods: The PubMed and EMBASE databases were systematically searched (until January 21, 2015) for available observational evidence. Unadjusted and body mass index (BMI)-adjusted pooled odds ratios (ORs) for MS in OSA or higher nocturnal IH were calculated using fixed or random models. Tests of homogeneity, publication bias, and robustness of the results were performed. Results: A total of 13 independent studies (involving 857 participants in 3 case-control studies and 7077 participants in 10 cross-sectional studies) were included. The OSA was significantly associated with an increased risk of MS in a meta-analysis of 10 studies (pooled OR = 1.72, 95% CI: 1.31-2.26, p < 0.001), with a BMI-adjusted pooled OR of 1.97 (95% CI: 1.34-2.88, p < 0.001). Pooled results from 3 studies on the oxygen desaturation index (ODI) and MS risk (OR = 1.96, 95% CI: 1.73-2.22, p < 0.001) and 3 studies on the cumulative percentage of sleep time with SpO 2 below 90% (CT90) and MS risk (OR = 1.05, 95% CI: 1.02-1.07, p < 0.001) were also significant. Conclusions: Our findings demonstrated a significant association between OSA and increased MS risk independent of BMI, and further indicated a role of nocturnal IH in this association.
Introduction
Metabolic syndrome (MS) is a constellation of metabolic abnormalities including obesity, hypertension, hypertriglyceridemia, low high-density lipoprotein cholesterol, and hyperglycemia. According to the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATPIII), coexistence of three of these components characterizes MS [1] . Metabolic syndrome is known to independently increase the risk of cardiovascular diseases (CVD) and all-cause mortality, even more than single MS components [2] . Because traditional lifestyle components such as diet and physical activity [3] might not fully account for the development of MS, other factors associated with MS need to be clarified. It is noteworthy that sleep disorders including impaired sleep quality, sleep deprivation, and sleep apnea have been reported to play key roles in the development of MS and its components [4] [5] [6] .
Obstructive sleep apnea (OSA) is a respiratory condition characterized by repetitive hypopneas and apneas during sleep due to upper airway obstruction [7] , affecting about 4% of males and 2% of females in the middle-aged population [8] .
Obstructive sleep apnea has been associated with numerous cardiovascular risk factors [9] , including MS. The association between OSA and risk of MS was previously thought to be related to obesity, which is their common risk factor. However, mounting evidence from epidemiology and experimental studies indicates that OSA itself is associated with increased risk of MS.
Experimental studies have demonstrated that OSA is not only associated with repeated cessation of breathing while sleeping, but is also accompanied by nocturnal intermittent hypoxia (IH) and micro arousal-related deregulation of the sympathetic nervous system, oxidative stress, and chronic inflammation [10, 11] . Interestingly, nocturnal IH has been found to be involved in the pathogenesis of impaired glucose hemostasis, hyperlipidemia, hypertension, and obesity in animal and cell models [12] [13] [14] [15] [16] [17] [18] . Epidemiology and intervention studies have also shown that OSA is an independent risk factor for MS components such as hypertension [19, 20] , dyslipidemia [21, 22] , and impaired glucose tolerance [23, 24] .
Recently, observational human studies have reported an association between OSA and overall risk of MS. To date, 11 papers have been published [6, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Some of these studies also investigated the association between nocturnal IH and MS risk [31] [32] [33] [34] . However, their results, especially after controlling for confounding factors, are inconsistent. Some of the papers reported positive independent associations between OSA or nocturnal IH and MS [25, 26, 28, 30, [32] [33] [34] , while other papers reported non-significant associations [6, 27, 29, 31] . Although discrepancies and insufficient statistical power across these individual studies exist, no studies have quantitatively reviewed the association between OSA and MS risk, or the association between nocturnal IH and MS risk. Additionally, whether the associations between OSA, nocturnal IH, and MS risk are due to the confounding effects of BMI has not been determined definitively.
Given that MS is a serious collection of risk factors for CVD morbidity and mortality, as well as the possible role of OSA and its related nocturnal IH in the risk of MS, we conducted a meta-analysis to comprehensively clarify the independent association between OSA, nocturnal IH, and risk of metabolic syndrome. We also evaluated the influences of BMI and other confounding factors.
Material and methods
The present meta-analysis was conducted according to the Preferred Reporting Items for Systemic Reviews and Meta-Analyses (PRISMA) statement [35] .
Search strategy
Literature databases including PubMed and Embase were systemically searched (date range until January 21, 2015). To identify all possible studies, we used the following search terms: "sleep disordered breathing OR obstructive sleep apnea OR nocturnal intermittent hypoxia" AND "metabolic syndrome OR insulin resistance syndrome OR syndrome X." Abbreviated forms of these terms were also used. The reference lists of retrieved papers and relevant reviews were further hand-searched. The literature search was limited to human-based studies that had English editions.
Eligibility criteria
The studies included in the meta-analysis met all of the following inclusion criteria: (1) evaluated the association between OSA or nocturnal IH and risk of MS; (2) MS was considered as an outcome and OSA or nocturnal IH was considered as an influencing factor in the statistical analyses; (3) provided sufficient data for calculation of an odds ratio with a 95% confidence interval; (4) recruited only samples aged ≥ 18 years; (5) diagnosed OSA by polysomnography (PSG) and categorized samples with or without OSA according to the apnea hypopnea index (AHI) or respiratory disturbance index (RDI), or categorized nocturnal IH by objective variables; (6) diagnosed MS by a certain published guideline; (7) had an English edition. If multiple papers reported data from the same set of samples, we retained only the one with the most detailed information to avoid duplicate results.
Study selection and data extraction
Preliminary screening for identifying potentially relevant studies against inclusion criteria was conducted by reading titles and abstracts. Final eligibility was determined by reviewing the full manuscripts of possibly relevant studies. We pre-built a data collection template for recording key items from the admitted studies. This included first author; publication year; country; study design; samples' characteristics; methods used to assess OSA, nocturnal IH, and MS; and main results. We also extracted information for a quality evaluation of studies according to the Newcastle Ottawa Scale (NOS) [36] . Finally, for papers in which subjects were divided into separate groups by gender, each individual set of data was included in the meta-analysis [27, 34] ; for papers that reported associations separately by different degrees of OSA severity or nocturnal IH, the Hamling method [37] was applied to combine the odds ratios [29, 34] . Two authors (Qian and Xu) independently assessed the articles for compliance with the inclusion criteria and extracted data. Discrepancies were resolved through discussion with a third author (Guan).
Statistical analysis
We chose the ORs adjusted for confounding factors, e.g., age, gender, and body mass index (BMI), for multivariable analyses with MS as the outcome and OSA or nocturnal IH as the independent factor. If no adjusted ORs were available, raw ORs were used. The associations between OSA or nocturnal IH and risk of MS were estimated by calculating pooled OR and 95% CI for MS, with significance determined by the Z test (p < 0.05 was considered statistically significant). To further evaluate the influence of controlling for BMI in the association between OSA or nocturnal IH and risk of MS, the BMI-adjusted pooled ORs for MS were also evaluated. Between-study heterogeneity was estimated by calculating the I² statistic and Q test [38, 39] . A random-or fixed-effect model was applied to calculate pooled OR in the presence (Q test, p < 0.10) or absence (Q test, p ≥ 0.10) of heterogeneity. Meta regression and stratified analyses were conducted to examine the sources of heterogeneity.
The quality of each individual study was assessed using NOS [36] . Studies were graded on an ordinal star scoring scale, with higher scores representing studies of better quality. A maximum of nine stars could be given for each study. The quality of each study was graded as either level 1 (0 to 5) or level 2 (6 to 9). Sensitivity analysis was carried out omitting one study at a time to assess the stability of the results. Publication bias was assessed using Egger's test [40] . If publication bias was identified, the trim and fill method was applied to correct it by imputing data from presumed missing studies and reassessing the stability of the pooled ORs [41] . All analyses were conducted using the STATA software program ver. 12.0 (Stata Corp, College Station, TX, USA). A total of 2,314 articles were initially identified from the electronic databases. Preliminary screening excluded 2,299 articles, leaving 15 articles as potentially relevant. After full text review, 4 articles were further excluded because they were duplicates or evaluated OSA or nocturnal IH using methods that were not objective (e.g., questionnaires). Eleven articles were eligible for the final statistical analyses [6, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . All provided suitable data for pooled estimation of ORs. Because 2 of the 11 eligible papers reported ORs separately by gender [27, 34] , these data were included in the meta-analysis as individual studies, which brought the final number of included studies to 13.
Results

Study selection
Study characteristics
The 13 studies were all observational surveys, involving 3101 participants (2471 participants in 8 cross-sectional studies and 630 in 2 case-control studies) on the association between OSA and risk of MS [6, [25] [26] [27] [28] [29] [30] [31] [32] and 5392 participants (5165 in 4 cross-sectional studies and 227 in 1 case-control study) on the association between nocturnal IH and risk of MS [31] [32] [33] [34] . The publication years ranged from 2004 to 2012. A total of 3 studies were from the United States, 4 from Europe, and 6 from Asia. Overall, 8 studies used standard PSG to detect OSA, and 2 used portable PSG that lacked an electroencephalogram (EEG); 
Association between OSA and MS risk
Obstructive sleep apnea was significantly associated with increased risk of MS (pooled OR = 1.72, 95% CI: 1.31-2.66, p < 0.001; Figure 2) , with evidence of between-study heterogeneity (I² = 83.2%, p < 0.001). The BMI-adjusted pooled OR was 1.97 (95% CI: 1.34-2.88, p < 0.001).
To explore the source of heterogeneity, independent variables including mean age, sex ratio, mean BMI, geographic region ("Europe", "America", and "Asia"), OSA category ("binary", "continuous"), MS criteria ("NCEP ATPIII", "IDF", and "Japanese criteria"), and study design ("case control", "cross sectional") were introduced into the univariate meta regression analysis. Among these, only the OSA category was significantly related to high heterogeneity (p = 0.018). Therefore, we presented the final results by subgroup analysis with reference to OSA category. The combined ORs between OSA and MS risk in binary and continuous categorized studies were 2.47 (95% CI: 1.61-3.77, p < 0.001) and 1.14 (95% CI: 0.98-1.34, p = 0.10), respectively ( Figure 3 ). The heterogeneity in the two subgroups decreased but could not be fully explained by the OSA category (I² = 57%, p = 0.03 in the binary group and I² = 63.3%, p = 0.066 in the continuous group).
Subgroup analyses were conducted to investigate the influence of study design, MS criteria, and method of diagnosis of OSA. Although these subgroup analyses were not particularly helpful in verifying the source of heterogeneity, the association between OSA and MS remained significant in all subgroups (Table III) .
Publication bias was detected using Egger's test (p < 0.001), and the trim and fill method was used to add possible missing negative results. After four studies were included as possible missing studies, the publication bias disappeared (Figure 4) , and the association between OSA and MS risk was still significant (OR = 1.37, 95% CI: 1.06-1.77, p = 0.016).
Association between nocturnal IH and MS risk
ODI and CT90, two nocturnal IH-measuring indexes that were available in the original studies, were also found to be associated with increased MS risk. The pooled OR for MS in individuals with 
Quality assessment and sensitivity analysis
Most of the studies revealed some potential risk of bias, as assessed by the Newcastle Ottawa Scale (Table IV) . Regarding the selection of MS and controls, all the studies included MS samples that were non-representative of the general MS population, which could have led to potential selection bias. The definitions of MS in the 13 studies were all adequate. Controls all had no history of MS, but Sasanabe et al. [27] , Gruber et al. [26] , Gasa et al. [31] , and Agrawal et al. [33] recruited hospital-based controls rather than population-based controls, who might have had lower comparability.
Regarding the assessment of OSA and nocturnal IH, all studies but one [25] used the same method of detection of OSA in MS and control groups. However, unlike the 9 studies that applied standard PSG, 2 studies (Troxel et al. [30] and Chin et al. [29] ) used portable PSG to separate OSA and non-OSA patients, and 2 studies, both from Muraki et al. [34] , used pulse oximetry to detect nocturnal IH. These kinds of methods could introduce a potential risk of misclassification bias.
Regarding the controlled variables in calculation of ORs, obesity was selected as the most important confounding factor. Overall, 10 studies controlled for obesity by adjusting for BMI, while Muraki et al. [34] and Throxel et al. [30] did not. Most of the studies controlled for some other factors (e.g., age, gender, smoking habits, alcohol consumption, physical activity) that might be related to MS risk (see Table II) .
Sensitivity analysis by removal of any study from analyses of OSA and MS, ODI and MS, and CT90 and MS did not significantly subvert the present pooled analysis results (data not shown).
Discussion
Summary of findings
Overall, in the pooled analyses, subjects with OSA were at 1.72 times higher risk for MS. Nocturnal IH, one of the most important pathogenic mechanisms in OSA, as estimated using ODI and CT90, was found to play a potential role in the association between OSA and risk of MS. Sensitivity analyses confirmed the stability of the conclusions. Furthermore, significant associations were also observed in analyses that considered the confounding effect of BMI.
Subgroup analysis that regarded a continuous variable (AHI) as the exposure factor did not reach significance, while the binary-categorized subgroup did. This may be due to the rather small dose cut-off for AHI in the former subgroup (e.g., per 1 unit [6, 32] or per 5 units [30] ). 
Strengths and limitations
To our knowledge, this is not only the first meta-analysis to quantitatively examine the evidence for an association between OSA and risk of MS, but also the first to clarify an association between nocturnal IH (ODI and CT90) and risk of MS, which suggested a potential mechanism for the association between OSA and risk of MS. Additionally, our meta-analysis systemically conducted an expansive literature search and finally included nearly 8,000 samples, pooled from 13 independent published studies. This greatly improved the statistical power of our findings, and the conclusions are more credible than those of individual studies. We also examined the influence of BMI on the associations between OSA, nocturnal IH, and risk of MS.
Our findings appear to be supported by experimental studies mimicking the influence of OSA on MS risk. Nocturnal IH was found to be the most important potential mediating factor. Intermittent hypoxia can profoundly alter both acute and chronic glucose homeostasis. Sympathetic activation, decreased oxidative phosphorylation, leptin signaling, and growth hormone axis suppression are possible mediators [17, 42] . Regarding hyperlipidemia, IH increases the expression of sterol regulatory element binding protein 1 (SREBP-1), a key regulator of synthesis for several lipids, as well as a downstream enzyme of lipoprotein secretion, stearoyl-CoA desaturase 1 (SCD-1) [13] [14] [15] . Weight gain under hypoxic conditions may be due to the expression of adipokines, cytokines, or hormones in adipose tissues, which may contribute systemically to the development of various features of metabolic syndrome and cardiovascular disease [12, 16] . The IH causes elevated blood pressure during both sleep and wakefulness by mechanisms of sympathoexcitation, including augmentation of peripheral chemo reflex sensitivity and a direct effect on central sites of sympathetic regulation [18] .
The results of this meta-analysis must be interpreted in the light of the following limitations. First, because of their observational nature, all of the included studies could not strictly control for confounding factors that may be inherent in the original studies, and the study design of cross-sectional and case-control studies made it impossible to address causality between OSA or nocturnal IH and MS as well as prospective cohort studies would. We conducted strict quality assessment of the selected studies according to the Newcastle Ottawa Scale, and all the included studies were of a high level of quality (level 2). We are confident that our pooled results have sufficient power to avoid a statistical type II error. Additionally, because obesity may be the most important confounding factor, we presented the BMI-adjusted pooled results. It was not possible to conduct a meta-analysis of prospective cohort studies or longitudinal studies regarding the treatment effect of OSA on MS due to a paucity of these studies. Therefore, future research should explore the possibility that a causal relationship may exist between OSA or nocturnal IH and MS.
Second, the included studies were performed in a limited number of countries, so the findings might not be applicable to populations of other ethnicities. Third, publication bias was found in the association between OSA and MS, which could possibly have affected the pooled results. However, we corrected for possible publication bias by modifying the results using the trim and fill method, and the association remained significantly positive.
Fourth, we found evidence of between-study heterogeneity in the association between OSA and MS and the association between ODI and MS: meta-regression and stratified analyses were only able to identify partial sources of variation in the former, and were unable to explain the variation in the latter. However, all of the results for ODI and MS were positive, and no publication bias was found. The remaining heterogeneity may be due to the complexity of other unknown confounding factors, especially selection bias.
Finally, relatively few studies have focused on the association between ODI, CT90, and MS. More high-quality studies involving a larger number of participants will be needed to further explore the association between nocturnal IH and MS as well as the causality between them.
In conclusion, our meta-analysis revealed that OSA might be an important risk factor for MS, independent of BMI. The significant association between nocturnal IH and risk of MS that was further found in the pooled analyses indicated that IH is a potential mechanism that could help to explain the influence of OSA on the development of MS. The findings of our study have great clinical significance: 1) doctors should screen and treat OSA in MS patients to help control MS, CVD, and all-cause mortality; and 2) consistently with previous findings, it is important to monitor and control all MS profiles after patients are diagnosed with OSA, to help reduce OSA-related cardio-metabolic complications and mortality. However, more largescale, well-designed prospective studies are still needed to confirm the causal relation between OSA, nocturnal IH, and MS.
